F abry disease is a rare, X-linked metabolic disorder caused by insufficient activity of the lysosomal enzyme ␣-galactosidase A. This leads to the accumulation of glycolipids with terminal ␣-galactosidic linkages, particularly globotriaosylceramide (GL-3), in various tissues and cell types. 1 The progressive accumulation of glycolipids eventually impairs organ function. The incidence of Fabry disease has been estimated as 1 in 40,000 to 1 in 117,000 live births. 1, 2 This may be an underestimate, as patients with milder forms of the disease are not always diagnosed. There is no known predilection of Fabry disease for any specific race or ethnicity.
The early symptoms of Fabry disease, including neuropathic pain in the extremities, hypohidrosis, and gastrointestinal symptoms such as abdominal pain, diarrhea, and food intolerance, typically begin during childhood. [3] [4] [5] Later in life, many patients develop life-threatening disease manifestations, including chronic renal disease, cardiovascular disease, and strokes. 6 -11 The signs and symptoms of Fabry disease are generally most severe among hemizygous males; however, heterozygous females often exhibit serious clinical manifestations affecting quality of life and longevity. 7, 10, 12, 13 Enzyme replacement therapy (ERT) with recombinant human ␣-galactosidase A reduces plasma GL-3 levels and accumulation of GL-3 in tissue, attenuating many manifestations of Fabry disease, 14 -16 including stabilization, of estimated glomerular filtration rate over time 18, 19 and reduction of cardiomyopathy. 20, 21 Lifespan is considerably shortened in males with Fabry disease. Before renal dialysis and renal transplants became widely available, the average age at death among males with Fabry disease was reported as 41-42 years. 22, 23 The increased availability of renal replacement therapy over the past several decades has extended the lifespan of Fabry patients. However, life expectancy of patients with Fabry disease has not been formally analyzed. Since 2001, five studies of relatively small cohorts of patients with Fabry disease have reported survival data 6 -8,13,24 and one study has reported cause of death data. 24 In these studies, males were reported to survive to a mean or median age of 50 -57 years 6, 8, 13, 24 and females to a mean or median age of 64 -72 years. 7, 13, 24 The Fabry Registry, which tracks the natural history and outcomes of patients with Fabry disease, had enrolled 2848 patients, including 1422 males and 1426 females, as of August 2, 2008 . Detailed analyses of life expectancy, clinical events, and cause of death among males and females in this much larger cohort will provide valuable current information about longevity and mortality of patients with Fabry disease.
MATERIALS AND METHODS
The Fabry Registry is an ongoing, observational database that compiles clinical and investigative data on patients with Fabry disease. It began enrolling patients and collecting data in April 2001. All patients with Fabry disease are eligible for enrollment, regardless of age, gender, symptoms, or whether they are receiving ERT. Patient and physician participation is voluntary. All patients provided informed consent through local institutional review boards/ethics committees and may decline to participate or withdraw consent at any time.
Data collected by the Fabry Registry are entered into a database through a set of standardized case report forms. Data were analyzed using SAS statistical software version 8 (SAS Institute Inc., Cary, NC) and summarized using descriptive statistics. All Fabry Registry patients with assessment data were included in these analyses, regardless of enzyme treatment status. The cause of death was reported by treating physicians. Patients who were reported as deceased but for whom the date of death was unavailable were excluded from the analyses. The number of person-years of follow-up was calculated from the date of birth until the date of death or, for living patients, from the date of birth until the date of each patient's last assessment. Life expectancy at birth was computed according to standard life table methods 25 and compared with the United States general population. 26 Patients' ethnicities were self-reported and are included as a standard part of demographic characterization of the cohort.
Significant clinical events were categorized as cardiovascular, cerebrovascular, or renal. Cardiovascular events were defined as myocardial infarction, significant cardiac procedures (e.g., pacemaker placement, coronary bypass, stent placement, valve replacement), arrhythmia, angina pectoris, or congestive heart failure. Cerebrovascular events were defined as strokes. Renal events were defined as chronic dialysis (Ն40 days) or renal transplantation. (Table 1) . As shown in Figure 1 , most males died between the ages of 40 and 60 years, whereas most females died at ages older than 60 years. No Fabry Registry patients died before the age of 30 years. Sixty-one of the 75 deceased males (81.3%) and 5 of the 12 deceased females (41.7%) were known to have received ERT, which became commercially available in Europe 2001 and in the United States in 2003. The median length of time that these patients were on ERT was 12 months in males and 4 months in females. The risk of mortality among all patients in the Fabry Registry is shown in Figure 2 . In males, the mortality rate increased from age 40 years onward and increased more rapidly at each 5-year increment over the age of 50 years. As expected, male patients were documented to have a higher mortality rate than females across all age categories. The mortality rate among females remained relatively steady until the age of 60 years and rapidly increased after the age of 65 years.
RESULTS

As of
Life expectancy of Fabry Registry patients was calculated at 5-year increments, beginning from the date of birth. The Fabry Registry includes patients from 39 countries, with most patients enrolled in United States (35%) and in Europe (46%). The United States general population was used as a reference population, where life expectancy is 74.7 years in males and 80.0 years in females. 26 Life expectancy data for the European population overall are not available, but average life expectancies among 14 European countries range from 74.2 to 78.0 years in males and from 80.1 to 83.1 years in females. 27 As shown in Figure 3 , Fabry males had a substantially reduced life expectancy compared with the general population. At birth, the life expectancy of males was 58.2 years, compared with 74.7 years in the general population. Between birth and the age of 60 years, the average life expectancy was 17 years less in Fabry males compared with males in the general population. Over the age of 60 years, the life expectancy of Fabry males was closer to that of the general population; however, these data are based on relatively few surviving male patients. Only 93 of 1422 males in the Fabry Registry (6.5%) were Ն60 years old. The gap in life expectancy between females in the Fabry Registry and in the general population was considerably smaller. The life expectancy of Fabry females at birth was 75.4 years, compared with 80.0 years in the general population. Over all age categories, the average life expectancy was 6.4 years less in Fabry females compared with the general population. The gap widened slightly among patients over the age of 70 years, again possibly reflecting the small number of surviving Fabry females over that age: 66 of 1426 females in the Fabry Registry (4.6%) were over the age of 70 years.
The reported cause of death was known for 56 of 75 males (74.7%) and 10 of 12 females (83.3%), as shown in Table 2 . Cardiovascular disease was the most common cause of death among both genders; 30 of 56 males with a known cause of death (53.6%) and 5 of 10 females with a known cause of death (50.0%) had their deaths classified as being due to cardiovascular disease. The median age at death due to cardiovascular disease was 55.5 years in males and 66.0 years in females. Among males with a known cause of death, the second and third most common causes of death were cerebrovascular disease (7 of 56, 12.5%) and renal disease (6 of 56, 10.7%). Among the five males who died of infection (8.9% of males with a known cause of death), one experienced sepsis after hemodialysis, one experienced septicemia after a renal transplant, one experienced septicemia due to a urinary tract infection, and two had pneumonia, one of whose infection was reported as being secondary to congestive heart failure. One male committed suicide at the age of 31 years. The second most common cause of death among females with a known cause of death was cancer (3 of 10, 30.0%).
Most of the 87 deceased Fabry Registry patients had experienced a serious cardiovascular, cerebrovascular, or renal event at some time, as defined in Methods. Sixty-eight of 75 males (90.7%) and 10 of 12 females (83.3%) experienced 1 or more Thus, although the most common cause of death among males was cardiovascular disease, renal events were more common as the first clinical event than were cardiovascular events. Among the 30 males whose cause of death was classified as cardiovascular, 19 (63.3%) had also experienced a renal event at some point. Two of the five females (40.0%) who died of cardiovascular disease had also experienced a renal event during their lives.
DISCUSSION
The Fabry Registry has collected clinical data from a large, international cohort of patients with Fabry disease, enabling the calculation of life expectancies. At birth, the life expectancy of Fabry males was 58.2 years, compared with 74.8 years in the general US population. The life expectancy of Fabry females at birth was 75.4 years, compared with 80.1 years in the general US population.
Deceased patients were much more likely to have experienced clinical events than living patients. This may be partially because the living patients were substantially younger at the time of their last follow-up visit than the deceased patients were at the time of their deaths. Deceased males had died at a median age of 54.3 years, whereas the median age at last follow-up was 37.6 years among living males. Similarly, the median age at death among females was 62.0 years, compared with a median age of 41.9 years at last follow-up visit, for living females. Thus, living patients had less time to have experienced clinical events than the older deceased patients.
Cardiovascular disease was the most common cause of death in both males and females with Fabry disease. However, renal replacement therapy (either chronic dialysis or kidney transplant) was the most common type of clinical event that was first experienced by deceased males, and most males who died of cardiovascular disease had previously received renal replacement therapy (19 of 30, 63%). Among deceased females, renal replacement therapy and arrhythmia were the most common types of first clinical event. Thus, without renal replacement therapy, many patients would have presumably died of renal failure, rather than cardiovascular disease, at much younger ages. 22, 23 Renal disease in general can be both a cause and a consequence of cardiac disease. 28, 29 Furthermore, it has been well established that patients who receive kidney transplants or hemodialysis are at increased risk of cardiovascular disease. 30, 31 Consequently, the cardiovascular and renal manifestations of Fabry disease may be at least partially interrelated. The impact and pathophysiology of Fabry disease is well known and has been the focus of many studies. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 17 However, little is known about the progressive effect of Fabry disease on the cardiovascular system. It has been established that Fabry disease leads to GL-3 accumulation in the vascular endothelium of the heart, as well as within cardiomyocytes. 15, 32 It is not known whether the deaths due to cardiovascular disease in this cohort were caused primarily by cardiovascular complications of Fabry disease itself or due to complications of underlying renal disease. Based on the involvement of the vascular endothelium and the myocardium, Fabry disease may lead to cardiovascular death via multiple pathways.
Five males were reported to have died of infection. There is no evidence that patients with Fabry disease are particularly susceptible to infection. It is likely that some of these infections arose as complications of the various medical procedures that patients with advanced Fabry disease require. One patient died of sepsis after hemodialysis and a second died of septicemia after a renal transplant. In addition, cardiovascular disease is a known risk factor for pneumonia, which was reported as the cause of death in 2 males.
The patients who died were diagnosed with Fabry disease at a relatively late age: median 40 years in males and 55 years in females. Accordingly, the disease had progressed substantially before these patients were diagnosed, which likely contributed to their early deaths. Fortunately, patients today tend to be diagnosed with Fabry disease at a much earlier age; in 2007, the median age at diagnosis among the overall population of Fabry Registry patients was 24 years in males and 31 years in females. 10 As cardiovascular disease was the most common cause of death, cardiac function should be closely monitored in patients with Fabry disease. All patients should be routinely monitored by standard and 24-hour electrocardiogram and echocardiogram, regardless of gender or whether they exhibit signs of cardiac disease. 33 In addition, cardiologists should consider the possibility of Fabry disease in patients with hypertrophic cardiomyopathy (HCM). A study of 153 males with HCM identified 6 patients (4%) who had undiagnosed Fabry disease. 34 A Percentages of patients who experienced renal, cerebrovascular, or cardiac events were calculated based on the number of patients in that category who ever experienced any clinical event.
second screening study of 508 patients with HCM, including 328 males and 180 females, reported that 1% of patients had undiagnosed Fabry disease. 35 It is important to note that 61 of the 75 deceased males (81.3%) and 5 of the 12 deceased females (41.7%) in the Fabry Registry were known to have received ERT at some point. These patients were untreated for the majority of their lives, as the median duration of ERT was 12 months in males (range, 0.1-7.3 years) and 4 months in females (range, 0.1-2.8 years). As noted earlier, the deceased patients were diagnosed at a The percentages of all patients with renal events and all patients with cardiac events are shown along with the percentages of patients with specific types of renal and cardiac events (indicated in brackets). Note that six deceased males and two deceased females are included in multiple categories, because they experienced more than one type of first event on the same date. Cereb, cerebrovascular.
relatively late age and were therefore likely to have been in the advanced stages of Fabry disease at the time of diagnosis, as well as at the time they began receiving ERT. A recent report by Mehta et al. 24 evaluated the cause of death in patients enrolled in the Fabry Outcome Survey (FOS). Similar to the Fabry Registry findings, Mehta et al. 24 reported that the most common cause of death was cardiovascular disease (36%), followed by infection (15%), among the 42 patients whose deaths were reported between 2001 and 2007. The mean ages at death are generally similar in the two studies: 51.8 years in FOS males versus 53.7 years in Fabry Registry males and 64.4 years in FOS females versus 60.9 years in Fabry Registry females. Neither life expectancy nor the age at diagnosis of deceased patients was reported by Mehta et al. The findings from both studies suggest that recent improvements in treating renal disease have led to a decrease in Fabry patient deaths due to renal failure; more patients currently die of cardiovascular disease.
The findings from these analyses are limited by the observational nature of data reported to registries. For example, although a standardized definition of clinical events is provided in the Fabry Registry case report form, an independent committee did not adjudicate all events. In addition, patients may be lost to follow-up and/or the occurrence or timing of clinical events or death may not be captured.
Earlier diagnosis, guidelines for treating children, and the broader availability of ERT will enable patients to be treated earlier, well before reaching advanced stages of cardiovascular or renal disease. Previous studies have shown that ERT most effectively slows the progression of renal decline 18, 19, 36 and cardiomyopathy 20, 21 when patients are treated early during the course of the disease. Accordingly, earlier diagnosis and initiation of treatment would be expected to extend survival. The findings of these analyses highlight the burden of Fabry disease, which frequently leads to multiple serious clinical events and is associated with reduced lifespan. Physicians caring for patients with Fabry disease should continue to vigilantly evaluate and identify disease progression and end-organ involvement, to institute treatments aimed at improving patient outcomes.
